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S56Hypothermic circulatory arrest has been used during aortic arch repairs with acceptable neurologic outcomes.
Through the years, we have studied the effects of deep hypothermia on brain metabolism and perfusion both in
a pig model and in surgical patients. Hypothermic circulatory arrest has also been used as a method of organ
protection in the repair of thoracoabdominal aortic aneurysms.We summarize the clinical and laboratory studies
to support the routine use of hypothermic circulatory arrest in clinical practice. (J Thorac Cardiovasc Surg
2013;145:S56-8)Hypothermic circulatory arrest (HCA) was first conceptual-
ized by Bigelow and colleagues1 in 1950, and was applied
as a strategy for correction of congenital heart defects by
Lewis and Taufic2 in 1953 and by Drew and associates3 in
1959. It was first applied to a series of aortic surgical pa-
tients in 1975.4 Since then, HCA has been used in practi-
cally all aspects of aortic surgery, most frequently in
surgery of the aortic arch and thoracoabdominal aorta. We
will discuss the physiologic underpinnings of HCA and its
utility, limitations, and implementation. The physiologic
basis for preservation of tissue integrity during a period of
interrupted circulation by hypothermia relies on a lowering
of metabolic rate by reduction of temperature, which allows
the lengthening of an intrinsic tolerance for ischemia.BRAIN PROTECTION (AORTIC ARCH SURGERY)
In the experimental animal, cerebral metabolic rate can
be determined by measuring arterial oxygen content and ce-
rebral mixed venous content (sampled from the sagittal si-
nus) and ascertaining cerebral blood flow with
microspheres labeled with radioactive isotopes or fluores-
cent dye. Temperature is varied by means of cardiopulmo-
nary bypass. One can then plot cerebral metabolic rate
for oxygen as a function of temperature. In a series of
experiments conducted in pigs, we ascertained that the rela-
tionship appeared to be exponential (linear in a semiloga-
rithmic plot) with a ratio of metabolic rates at 2
temperatures 10C apart (Q10) of 2.2.5 A similar relation-
ship has been shown in the work of others.6
In human beings, determining the Q10— the relationship
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The Journal of Thoracic and Cardiovascular Surgsomewhat more challenging. We nevertheless carried out
a series of measurements in 37 adult patients undergoing
surgery requiring HCA. Arterial oxygen content was easily
determined, and mixed cerebral venous oxygen content was
estimated from samples from the jugular bulb. A relative
cerebral blood flow was approximated with an ultrasonic
flow probe used on the left common carotid artery. By
thus estimating cerebral metabolic rate at several tempera-
tures, it was possible to calculate the Q10 for each individ-
ual; the average value was 2.3, very close to the number
obtained in the experimental laboratory.7
If one accepts the clinical observation that recovery of
normal brain function is possible with interruption of cere-
bral blood flow for less than 5 minutes at normothermia
(baseline ischemic tolerance) and that Q10 is 2.3, Table 1
can be constructed, defining safe intervals for HCA at var-
ious temperatures. Although 1 hour of HCA at profoundly
hypothermic levels (10C-15C) seemed safe in our initial
clinical experience as well as that of others,8 we have sub-
sequently become convinced on the basis of several obser-
vations that the 30 minutes of safe HCA at these
temperatures predicted by the Q10 calculation is actually
correct. It was noted relatively soon that patients had a sig-
nificantly higher incidence of temporary neurologic dys-
function—delayed awakening, postoperative confusion,
and agitation—when HCA durations exceeded 25 minutes.9
This led to rigorous studies involving preoperative and post-
operative testing of cognitive function, which revealed re-
ductions in memory and fine motor control several weeks
postoperatively after durations of HCA longer than 25 min-
utes.9 No such reduction in cognitive function was seen in
patients undergoing cardiopulmonary bypass without
HCA or with HCA durations of less than 25 minutes.10 Sub-
sequently, intraoperative observations with near-infrared
spectroscopy established that absolute saturations in the
brain fall to about 60% after 30 minutes of HCA at 15C
and that patients with increasing intervals of saturations
below this level—inevitable with longer durations of
HCA—suffer a greater number of adverse outcomes after
surgery.11,12
On the basis of Q10 calculation and clinical observations
during the past decade, we therefore feel quite strongly that
intervals of HCA longer then those indicated here may beery c March 2013
TABLE 1. Calculated safe intervals for interruption of brain
perfusion at various temperatures
Temperature
Cerebral metabolic rate
(% of baseline) Safe duration (min)
37C 100 5
30C 56 (52-60) 9 (8-10)
25C 37 (33-42) 14 (12-15)
20C 24 (21-29) 21 (17-24)
15C 16 (13-20) 31 (25-38)
10C 11 (8-14) 45 (36-62)
Data are means with 95% confidence intervals.
TABLE 2. Calculated safe intervals for interruption of spinal cord
perfusion at various temperatures
Temperature Safe duration (min)
37C 20
32C 50
28C 75
20C 120
Griepp and Di Luozzo Panel 2tolerable if unavoidable but are likely to result in ischemic
cerebral injury.SPINAL CORD PROTECTION (SELECTIVE
CEREBRAL PERFUSION AND
THORACOABDOMINAL SURGERY)
Just as brain protection is one of the most important is-
sues in proximal aortic surgery, protection of the spinal
cord to avoid paraparesis and paraplegia emerged as a major
challenge as more surgeons undertook thoracoabdominal
aneurysm (TAAA) repair. Our clinical experience sug-
gested that even mild degrees of passive hypothermia in-
crease the ischemic tolerance of the spinal cord, and in
2003 we carried out a simple set of experiments to test
this in the porcine model. Through a small thoracotomy,
the aorta was clamped just distal to the left subclavian artery
for variable intervals: at normothermia in one set of animals
and at 32C in another group. After removal of the clamp,
the incisions were closed and the animals were allowed to
awaken. Hind limb function was observed for 7 days. The
maximum interval of crossclamping associated with normal
recovery at normothermia was 20 minutes; however, full re-
covery was seen after 50 minutes of ischemia at 32C.11,12
A calculation of Q10 that is based only on these 2 points
yields a number much higher than that derived for the brain;
however, clinical reports of paraplegia in patients treated
with selective cerebral perfusion (SCP) at moderate hypo-
thermia (25C-28C) were nevertheless disturbing. In
a study of SCP at 28C in the laboratory, we demonstrated
that there is minimal spinal cord perfusion distal to T10.
Ninety minutes of SCP at 28C resulted in a 60% incidence
of paraplegia, and no animals recovered hind limb function
after 120 minutes of SCP at this temperature.13 On the basis
of these findings, as well as other laboratory and clinical
studies, we assembled the table of intervals for safe spinal
cord ischemia at various temperatures (Table 2). According
to these numbers, it appears that the Q10 for the spinal cord
is almost identical to that for the brain: 2.2. The differences
in the safe ischemic intervals between brain and spinal cord
are a consequence of the baseline tolerance of 20 minutes at
normothermia for the spinal cord versus a brain tolerance of
only 5 minutes for normothermic ischemia. An appreciationThe Journal of Thoracic and Carof the safe ischemic intervals for the spinal cord is clearly
important for operating on the thoracoabdominal aorta as
well as in using SCP for proximal aortic surgery.
Thoracoabdominal Surgery
The use of deep HCA has been advocated for operations
of the descending and thoracoabdominal aorta for many
years. Impressive series of extensive thoracoabdominal re-
sections have been reported by both Kulik and colleagues14
and Fehrenbacher and coworkers15 with deep HCA, with
low rates of mortality, stroke, and paraplegia. We have
reviewed our own recent experience of extensive TAAA re-
pair, and among 262 cases found 90 suitable for a propen-
sity-matched study to compare HCA with non-HCA
management.16 The results show a lesser overall incidence
of reversible visceral complications in the HCA group:
a lower rate of acute renal failure and need for temporary
dialysis and a lower rate of reversible liver damage. The
overall analysis documents a greater risk of visceral compli-
cations with prolonged operations—and therefore pro-
longed distal ischemia—in cases of protection with mild
rather than deep hypothermia.
Ischemic Tolerance of Abdominal Viscera
According to laboratory and clinical observations, the
kidneys are more sensitive to ischemia than the liver or
the bowel, and none of these organs are as vulnerable to is-
chemic damage as the spinal cord. At 28C in pigs, some
visceral injury occurs by 90 minutes, and lethal injury is
likely after 120 minutes.17 In human beings, even severe
visceral ischemic damage can often be managed (eg, acute
renal failure), although some damage (eg, extensive bowel
infarction) may be incompatible with survival.
Bleeding Complications With Deep Hypothermia
Despite better results with deep rather than moderate hy-
pothermia with SCP and in extensive TAAA, there has been
a reluctance to adopt deep hypothermia, largely because of
a perception that there is a vastly increased risk of bleeding
complications with lower temperatures. Although direct
comparisons are fraught with all the limitations associated
with comparing operations in different institutions, a survey
of several series of arch replacements reported by different
groups in 2007 demonstrates no tendency for lower temper-
ature SCP to be associated with increased bleeding compli-
cations.18-22 In our own recent series of TAAA operations,diovascular Surgery c Volume 145, Number 3S S57
Panel 2 Griepp and Di Luozzoonly platelet transfusions were higher in the patients with
deep hypothermia, and in the propensity-matched cohort
there was no difference between the mild and deep hypo-
thermia groups in transfusions of red blood cells, fresh-
frozen plasma, or platelets.17
IMPLEMENTATION OF HCA
After many years of laboratory experiments and clinical
studies, we have become convinced that the utility of deep
hypothermia for aortic surgery outweighs its chief disad-
vantage: that it takes extra time. We have developed respect
for the limitations of HCA and support the importance of
strict guidelines for its safe implementation. For optimal
cooling of the brain, the blood temperature should not be
more than 10C lower than the esophageal temperature;
a minimum of 30 minutes is required, and thorough cooling
should be assured by a jugular venous saturation greater
than 95% or a cerebral tissue oxygen saturation greater
than 85% by near-infrared spectroscopy. The head should
be packed in ice to guard against upward drift of the temper-
ature during the arrest interval. The safe duration of HCA
should be based on the Q10 and on intraoperative monitor-
ing with near-infrared spectroscopy. In cases in which the
safe ischemic interval is approached or surpassed, rewarm-
ing should be preceded by a 5-minute interval of cold reper-
fusion, which has been associated with improved cognitive
recovery in experimental studies.23 With the blood no more
than 10C warmer than the esophageal temperature and
never above 36.5C, rewarming should then begin. Warm-
ing should be stopped when the esophageal temperature
reaches 35C and the bladder temperature reaches 32C.
Partial bypass—pulsatile perfusion—can be helpful in
speeding perfusion during the final stages of rewarming.CONCLUSIONS
Hypothermia is by far the most effective modality for
preservation of tissue integrity during unavoidable periods
of interrupted blood flow. Safe ischemic intervals as much
as 6-fold longer than normothermic baselines are readily
within reach of the cardiovascular surgeon. Nonetheless,
a thorough understanding of the physiologic principles
and limitations of HCA is required for patients and surgeons
to enjoy its benefits and avoid its drawbacks.References
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